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ABSTRACT

Avian metapneumovirus (aMPV), also known as avian pneumovirus or turkey rhinotracheitis virus, is the causative agent of
turkey rhinotracheitis and is associated with swollen head syndrome in chickens. Since its discovery in the 1970s, aMPV has been
recognized as an economically important pathogen in the poultry industry worldwide. The conserved region VI (CR VI) of the
large (L) polymerase proteins of paramyxoviruses catalyzes methyltransferase (MTase) activities that typically methylate viral
mRNAs at guanine N-7 (G-N-7) and ribose 2'-O positions. In this study, we generated a panel of recombinant aMPV (raMPV)
Colorado strains carrying mutations in the S-adenosyl methionine (SAM) binding site in the CR VI of L protein. These recombi-
nant viruses were specifically defective in ribose 2'-O, but not G-N-7 methylation and were genetically stable and highly attenu-
ated in cell culture and viral replication in the upper and lower respiratory tracts of specific-pathogen-free (SPF) young turkeys.
Importantly, turkeys vaccinated with these MTase-defective raMPVs triggered a high level of neutralizing antibody and were
completely protected from challenge with homologous aMPV Colorado strain and heterologous aMPV Minnesota strain. Collec-
tively, our results indicate (i) that aMPV lacking 2'-O methylation is highly attenuated in vitro and in vivo and (ii) that inhibi-
tion of mRNA cap MTase can serve as a novel target to rationally design live attenuated vaccines for aMPV and perhaps other
paramyxoviruses.

IMPORTANCE

Paramyxoviruses include many economically and agriculturally important viruses such as avian metapneumovirus (aMPV), and
Newcastle disease virus (NDV), human pathogens such as human respiratory syncytial virus, human metapneumovirus, human
parainfluenza virus type 3, and measles virus, and highly lethal emerging pathogens such as Nipah virus and Hendra virus. For
many of them, there is no effective vaccine or antiviral drug. These viruses share common strategies for viral gene expression and
replication. During transcription, paramyxoviruses produce capped, methylated, and polyadenylated mRNAs. Using aMPV as a
model, we found that viral ribose 2'-O methyltransferase (MTase) is a novel approach to rationally attenuate the virus for vac-
cine purpose. Recombinant aMPV (raMPV) lacking 2'-O MTase were not only highly attenuated in turkeys but also provided
complete protection against the challenge of homologous and heterologous aMPV strains. This novel approach can be applicable
to other animal and human paramyxoviruses for rationally designing live attenuated vaccines.

Avian metapneumovirus (aMPV), also known as avian pneu-
movirus (APV) or turkey rhinotracheitis virus, is an econom-
ically important pathogen that causes an acute, highly contagious
respiratory disease in turkeys and is the etiological agent of swol-
len-head syndrome in chickens (1-3). Since the first isolation of
aMPV in South Africa in 1978, the virus has become prevalent
worldwide (3, 4). Based on antigenicity and genetic diversity, four
subtypes of aMPV, designated A, B, C, and D, have been charac-
terized (1, 2, 4). Subtypes A, B, and D are found mainly in Europe
and Asia (5-8). In the United States, aMPV was first identified in
1996, in a commercial turkey flock with respiratory diseases in
Colorado (9). The virus was classified as subtype C due to its low
sequence identity to subtype A and B viruses (6, 9). Subsequently,
it emerged in turkey flocks in Minnesota and became a major
problem in the turkey industry in the United States (10, 11). Epi-
demiological studies suggest that aMPV subtype C is distributed
in a wide range of avian species, such as chickens, ducks, geese,
American crows, cattle egrets, American coots, and pigeons (12,
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13). A recent phylogenetic analysis showed that two distinct sub-
lineages of aMPV subtype C exist in the United States (4). Clinical
signs of aMPV in turkeys are characterized by coughing, sneezing,
nasal discharge, and swollen infraorbital sinuses (3). Infected
flocks have high morbidity (50 to 100%) at all ages, with mortality
ranging from 0.5% in adult turkeys to 80% in young poults (1, 3).
Direct economic losses caused by this virus include poor weight
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gain, sharply reduced egg production, poor egg quality, and high
morbidity and mortality.

AMPYV is a nonsegmented negative-sense (NNS) RNA virus,
belonging to the genus Metapneumovirus in the subfamily Preu-
movirinae of the family Paramyxoviridae. The only other member
in the genus Metapneumovirus is the human metapneumovirus
(hMPV), which was first identified in infants and children with
acute respiratory tract infections in 2001 in the Netherlands (14).
Soon after its discovery, hMPV was recognized as a globally prev-
alent pathogen and a major causative agent of acute respiratory
tract disease in individuals of all ages, especially infants, children,
the elderly, and immunocompromised individuals (15). Interest-
ingly, aMPV subtype C shares more homology with hMPV than
the other three aMPV subtypes (15, 16). In addition, turkeys were
shown to be susceptible to h(MPV infection (17). Paramyxoviruses
include many other important human pathogens, such as human
respiratory syncytial virus (RSV), human parainfluenza virus type
3 (PIV3), measles virus, and mump virus, highly lethal emerging
pathogens such as Nipah virus and Hendra virus, and agricultur-
ally important viruses such as Newcastle disease virus (NDV). For
many of these viruses, there are no effective vaccines or antiviral
drugs.

Since the discovery of aMPV, many attempts have been made
to develop a vaccine for this virus. In Europe, live attenuated vac-
cines have been developed by blind passage of the virulent strains
in tissue culture, and these have been used for the prevention of
aMPV type A and B viruses (3, 18). After the emergence of aMPV
in the United States, a subtype C strain, aMPV/MN-1a, was atten-
uated through 63 serial passages of the virus in cell culture (19).
This strain triggered a considerable level of antibody response and
protected poults from the virulent challenge (19). In addition,
cold-adapted aMPV was also shown to be a good vaccine candi-
date (20). Despite the vaccination of commercial turkeys, out-
breaks of aMPV still occur worldwide (3, 21, 22). In addition, it
was reported that a live aMPV vaccine reverted to a virulent strain
and became persistent in the field (22, 23). Therefore, there is an
urgent need to develop a more stable and efficacious vaccine for
aMPV.

The large (L) polymerase protein of NNS RNA viruses is a
multifunctional protein that possesses all of the enzymatic activi-
ties for genome replication, mRNA synthesis, and mRNA modi-
fications including capping, methylation, and polyadenylation
(reviewed in reference 24). Using vesicular stomatitis virus (VSV),
a prototypical NNS RNA virus, as a model, these enzymatic activ-
ities have been mapped to the amino acid level in L protein. For
example, a GDN motif in conserved region (CR) III of the L pro-
tein was found to be essential for nucleotide polymerization (24,
25). An unconventional mRNA capping enzyme, the polyribo-
nucelotidyltransferase (PRNTase) activity, has been mapped to
the HR motif within CR V of the L protein (26, 27). An unusual
dual methyltransferase (MTase) that methylates virus-specific
mRNAs at the positions guanine N-7 (G-N-7) and ribose-2'-O
(2'-0O) has been identified in the CR VI of the L protein (28, 29).
These signature motifs are conserved in all members in Rhabdo-
viridae, Paramyxoviridae, and Filoviridae. These breakthroughs
revealed that mRNA cap formation is a novel and universal target
for drug discovery and vaccine development for all NNS RNA
viruses. For instance, small molecules that inhibit mRNA capping
would likely be lethal to virus. On the other hand, inhibition of
mRNA cap methylation may yield attenuated strains that can be
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used for the development of live vaccine candidates. In fact, the
concept of using mRNA cap methylation as a target for virus at-
tenuation has been recently proved in VSV (30). Specifically, we
found that recombinant VSV (rVSV) mutants rVSV-K1651A,
-D1762A, and -E1833Q), which are defective in both G-N-7 and
2'0O methylation, were highly attenuated in mice. The rVSV-
G1670A and -G1672A viruses, which are defective in G-N-7 but
not 2’-O methylation, retained low virulence in mice.

In this study, we employed this novel attenuation strategy on
aMPV, an economically important avian pathogen. We found
that mutations to the binding site for the methyl donor, S-adeno-
syl methionine (SAM), yielded a panel of recombinant aMPVs
(raMPVs) that were highly attenuated in viral replication in the
upper and lower respiratory tract of turkeys. Unlike VSV carrying
mutations in the SAM binding site, these raMPV mutants were
specifically defective in 2’-O, but not G-N-7, methylation. Impor-
tantly, turkeys vaccinated with these 2’'-O methylation-defective
raMPVs generated a high level of antibody that provided complete
protection against the homologous aMPV Colorado strain and
the heterologous aMPV Minnesota strain. Therefore, 2’-O meth-
ylation-defective raMPVs are excellent live vaccine candidates.

MATERIALS AND METHODS

Cell lines. Vero E6 cells (ATCC CRL-1586) and BHK-SR19-T7 cells
(kindly provided by Apath, L.L.C, Brooklyn, NY) were grown in Dulbec-
co’s modified Eagle’s medium (DMEM; Life Technologies, Bethesda,
MD) supplemented with 10% fetal bovine serum (FBS). The medium of
the BHK-SR19-T7 cells was supplemented with 10 pg/ml puromycin (Life
Technologies) during every other passage to select for T7 polymerase-
expressing cells. LLC-MK2 (ATCC CCL-7) cells were maintained in Opti-
MEM (Life Technologies) supplemented with 2% FBS.

Virus stock. aMPV subtype C Colorado strain (aMPV/Colorado/tur-
key/96 [aMPV-CO]) was obtained from the pathogen repository bank at
the Southeast Poultry Research Laboratory (SEPRL; USDA-ARS, Athens,
GA, USA) (31). aMPV subtype C Minnesota strain (aMPV/Minnesota/
turkey/2a/97 [aMPV-MN]) was provided by the Ohio Agricultural Re-
search and Development Center, Wooster, OH (1). aMPV-CO and
aMPV-MN were originally isolated from turkey flocks in Colorado and
Minnesota, respectively. Both strains were virulent in turkeys and were
grown in Vero-E6 cells as previously described (1, 31). Wild-type rVSV
and mutants (rVSV-K1651A and -G1670A) were provided by Sean
Whelan at Harvard Medical School. Recombinant rVSV-K1651A lacks
both G-N-7 and 2'-O methylation, whereas rVSV-G1670A is specifically
defective in G-N-7 but not 2'-O methylation (28, 29).

Plasmids and site-directed mutagenesis. Plasmids encoding the
aMPV minigenome and the full-length anti-genomic cDNA of aMPV-CO
and support plasmids expressing aMPV N (pCDNA3-N), P (pCDNA3-
P), L (pCDNA3-L), and M2-1 (pCDNA3-M2-1) proteins were generated
previously (31). The L CR VI mutations were introduced into the full-
length genome of the wild-type aMPV-CO strain. A QuikChange site-
directed mutagenesis kit (Strategene, La Jolla, CA) was utilized according
to the manufacturer’s recommendations. Mutations were confirmed by
DNA sequencing.

Recovery of recombinant aMPVs from the full-length cDNA clones.
Recombinant aMPVs (raMPVs) were rescued using a reverse-genetics
system as described previously (31). Briefly, BHK-SR19-T7 cells (kindly
provided by Apath, L.L.C.) were transfected with 5.0 pg of paMPV full-
length genomic plasmid, 2.0 g of pPCDNA3-N, 2.0 pg of pPCDNA3-P, 1.0
pg of pCDNA3-L, and 1.0 pg of pPCDNA3-M2-1 using Lipofectamine
2000 (Life Technologies). At day 4 posttransfection, the cells were har-
vested using scrapers and cocultured with 50 to 60% confluent Vero-E6
cells. When an extensive cytopathic effect (CPE) was observed, the cells
were subjected to three freeze-thaw cycles, followed by centrifugation at
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3,000 X g for 10 min. The supernatant was used subsequently to infect
new Vero-E6 cells. The successful recovery of the raMPVs was confirmed
by agarose overlay plaque assay and reverse transcription-PCR (RT-PCR).

Purification of aMPV. The raMPV stocks used in animal studies were
grown in Vero-E6 cells and purified by ultracentrifugation. Briefly,
Vero-E6 cells in 10 confluent T150 flasks were infected with each raMPV
at a multiplicity of infection (MOI) of 0.1 in a volume of 2 ml of DMEM.
After 1 h of adsorption with constant shaking, 20 ml of Opti-MEM (sup-
plemented with 2% FBS) was added to the cultures, and infected cells were
incubated at 37°C for 4 days. When extensive CPE was observed, cells were
harvested by scraping. The cell suspension was clarified by low-speed
centrifugation at 3,000 X gfor 20 min at 4°C in a Beckman Coulter Allegra
6R centrifuge. The cell pellet was resuspended in 2 ml of Opti-MEM and
subjected to three freeze-thaw cycles. The mixture was clarified by low-
speed centrifugation, and the supernatants were combined. The virus was
pelleted by ultracentrifugation at 28,000 X g in a Beckman Ty 50.2 rotor
for 2 h. The final virus pellet was resuspended in 0.3 ml of Opti-MEM,
aliquoted, and stored at —80°C in a freezer. One vial of virus was thawed,
and the titer was determined by plaque assay or TCIDy,.

Viral replication kinetics in Vero-E6 cells. Confluent Vero-E6 cells in
35-mm dishes were infected by raMPV or mutant raMPV at an MOI of
0.1. After 1 h of adsorption, the inoculum was removed, and cells were
washed three times with phosphate-buffered saline (PBS). Fresh DMEM
(supplemented with 2% FBS) was added, and the infected cells were in-
cubated at 37°C. At different time points postinfection, the supernatant
and cells were harvested by three freeze-thaw cycles, followed by centrif-
ugation at 1,500 X gat room temperature (RT) for 15 min. Virus titer was
determined by plaque assay in Vero-E6 cells.

TCID;, assay. Vero-E6 cells were seeded in 96-well plates (Corning,
Lowell, MA) ata density of 10° cells per well and were grown at 37°C for 18
h. Upon infection, the medium was removed, and 0.2 ml of 10-fold serial
virus dilutions in Opti-MEM was added to each well. Eight wells contain-
ing a monolayer of cells were infected with 50 pl of each virus dilution,
and the CPE was examined under a microscope daily for 10 days postin-
fection. The CPE was recorded, and the virus titer was calculated as the
50% tissue culture infective dose (TCIDs,) using the Reed-Muench
method (32).

aMPV plaque assay. An aMPV plaque assay was performed using a
procedure described previously (33). Vero cells were seeded in six-well
plates at a density of 2 X 10° cells per well. After incubation for 18 h, the
medium was removed, and cell monolayers were infected with 400 pl of a
10-fold dilution series of each virus. After incubation at 37°C for 1 h with
agitation every 10 min, the cells in each well were overlaid with 2.5 ml of
Eagle’s minimum essential medium (MEM) containing 1% agarose, 1%
FBS, 0.075% sodium bicarbonate (NaHCO,), 20 mM HEPES (pH 7.7), 2
mM L-glutamine, 12.5 mg/ml of penicillin, 4 mg/ml of streptomycin, and
4 mg/ml of kanamycin. The overlay medium was supplemented with ac-
tinomycin-D (Sigma, Louis, MO) (0.2 pg/ml) and tosylsulfonyl phenyla-
lanyl chloromethyl ketone (TPCK)-trypsin (0.1 to 0.6 pg/ml). The plates
were incubated at 4°C for 30 min to solidify the overlay medium. Cells
were then grown at 37°C and 5% CO, to allow for plaque formation. After
incubation for 7 days, the cells were fixed in 10% (vol/vol) formaldehyde
for 2 h, and the plaques were visualized by staining with 0.05% (wt/vol)
crystal violet.

Genetic stability of raMPV mutants in cell culture. Confluent
Vero-E6 cells in T25 flasks were infected by each mutant raMPV at an
MOI of 0.1. When extensive CPE was observed, the cell culture superna-
tant was harvested and used for the next passage in Vero-E6 cells. Each
raMPV mutant was repeatedly passaged 12 times in Vero-E6 cells. At each
passage, the CR VI of the L gene was amplified by RT-PCR and sequenced.
At passage 12, the entire genome of each recombinant virus was amplified
by RT-PCR and sequenced.

In vitro trans-methylation assay. An in vitro trans-methylation assay
was performed using a method reported by Zust et al. with some modifi-
cations (34). Briefly, confluent Vero-E6 cells in 150-mm dishes were mock
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infected or infected by raMPV mutants or rVSV mutants atan MOI of 0.1
in the presence of actinomycin D (0.6 pwg/ml). When extensive CPE was
observed, total RNA was isolated from virus-infected cells using TRIzol
reagent (Life Technologies) and dissolved in 10 mM Tris-HCI buffer (pH
7.5). Subsequently, poly(A)-containing RNA was isolated from total RNA
using a Dynabeads mRNA isolation kit (Life Technologies) according to
the manufacturer’s recommendations. Subsequently, hMPV-specific
mRNA (N mRNA) and cellular mRNA (glyceraldehyde-3-phosphate de-
hydrogenase [GAPDH] mRNA) were quantified by real-time RT-PCR.
To determine whether raMPV or rVSV mutants were defective in G-N-7
methylation, 500 ng of mRNA (based on the quantification of GAPDH
RNAs) was incubated with 10 units of vaccinia virus G-N-7 MTase sup-
plied by an m’G capping system (Cellscript, Madison, WI) in the presence
of 15 uCi of [*'H]SAM (85 Ci/mmol; PerkinElmer, Wellesley, MA) for 4 h.
After the methylation reaction, RNA was purified using an RNeasy mini-
kit (Qiagen, Valencia, CA), and the methylation of the mRNA cap struc-
ture was measured by *H incorporation using a 1414 series scintillation
counter (PerkinElmer). The *H incorporation (in corrected counts per
minute [ccpm]) from wild-type and mutant aMPV samples was reduced
by the ccpm of RNA from mock-infected cells. Finally, the ccpm was
normalized by virus-specific mRNA. Similarly, a trans-ribose 2'-O meth-
ylation assay was performed using mRNA purified from raMPV mutant-
infected or rVSV mutant-infected cells. Briefly, 500 ng of mRNAs was
incubated with 10 units of vaccinia virus 2'-O MTase supplied by a vac-
cinia 2'-O-methyltransferase kit (Cellscript) in the presence of 15 uCi of
[PH]SAM (85 Ci/mmol; PerkinElmer). After the methylation reaction,
RNA was purified, and the level of 2’-O methylation was measured by *H
incorporation using a scintillation counter. The ccpm was normalized by
virus-specific mRNA. The ratio of [’H]SAM incorporation between each
mutant and wild-type virus was calculated.

Animal experiment 1: replication and pathogenesis of raMPV and
mutants in turkey poults. Specific-pathogen-free (SPF) turkey poults
were used in these studies. The animal study was conducted in strict ac-
cordance with USDA regulations and the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of
Health and was approved by The Ohio State University Institutional An-
imal Care and Use Committee (animal protocol no. 2012A00000078).
Turkeys were housed in cages inside high-security isolation rooms pro-
vided with HEPA-filtered intake and exhaust air at The Ohio Agriculture
Research and Development Center, The Ohio State University. The ani-
mal care facilities at The Ohio State University are AAALAC accredited.
Prior to the animal study, blood samples were collected from each turkey
to confirm that it was negative for aMPV antibody. Seventy-two 2-week-
old poults were randomly allotted into six groups (12 poults per group).
Each inoculated group was separately housed in cages under biosafety
level 2 (BSL-2) conditions. Turkey poults in group 1 were inoculated with
200 pl of DMEM containing 2.0 X 10° TCIDs, of raMPV and served as a
positive control. Poults in groups 2 to 6 were inoculated with 200 .l of
DMEM containing 2.0 X 10> TCIDy, of each of four raMPV mutants
(raMPV-G1696A, -D1700A, -N1701A, and -D1755A). Poults in group 7
were mock infected with 200 ul of DMEM and served as uninfected con-
trols. All virus inoculation was done via the oculonasal route. After inoc-
ulation, the animals were observed daily for mortality and morbidity. At 3,
5, 7, and 10 days postinoculation (dpi), three turkeys from each group
were euthanized. Sinus and trachea swabs were collected and eluted in 1
ml of DMEM for virus and viral RNA detection. Lungs and tracheas were
collected for virus isolation, viral RNA detection, and histological analysis.

Animal experiment 2: protection efficacy against challenge with ho-
mologous aMPV-CO strain. A total of 105 2-week-old SPF turkey poults
were randomly divided to seven groups (15 turkeys per group). Turkeys in
group 1 were inoculated with DMEM and served as the unimmunized but
challenged positive controls. Turkey poults in groups 2 to 6 were vacci-
nated intranasally with 2 X10° TCIDy, of raMPV-CO or mutants
(raMPV-G1696A, -G1700A, -N1701A, and -D1755A). Turkeys in group 7
were inoculated with DMEM and served as the uninfected control (neg-
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ative control). After vaccination, the animals were observed for mortality
and morbidity. Blood samples were collected from each turkey at week 3
postimmunization, and serum was separated for antibody detection. At
week 3 postimmunization, turkeys in groups 1 to 6 were challenged with
raMPV-CO at a dose of 1.0 X 10° TCIDsj, per turkey. All virus challenge
was done via the oculonasal route. After challenge, the animals were ob-
served every day for mortality and morbidity associated with aMPV in-
fection. At 3, 5, and 7 days postchallenge (dpc), 5 turkey poults from each
group were euthanized. Sinus and trachea swabs were collected and eluted
in 1 ml of DMEM for virus and viral RNA detection. Lungs and trachea
were collected for virus isolation, viral RNA detection, and histological
analysis. The immunogenicity of the MTase-defective aMPV's was evalu-
ated using the following methods. (i) Humoral immunity was determined
by a virus-serum neutralization assay using an endpoint dilution plaque
reduction assay. (ii) Viral titer in the sinus and trachea swabs and in lungs
was determined by plaque assay or TCID;, assay, and viral genomic RNA
was quantified by real-time RT-PCR. (iii) Tracheal and pulmonary his-
tology were evaluated. The protection was evaluated based on clinical
signs, viral replication, and tracheal and pulmonary histology.

Animal experiment 3: protection efficacy against challenge with het-
erologous aMPV-MN strain. A total of 105 2-week-old SPF turkey poults
were randomly divided to seven groups (15 turkeys per group). The ex-
perimental design and procedure were identical to those described for
animal experiment 2 except that the challenge virus was changed to
aMPV-MN.

Histology. After euthanization, the trachea and right lung of each bird
were removed, inflated, and fixed in 4% neutral buffered formaldehyde.
Fixed tissues were embedded in paraffin and sectioned at 5 pm. Slides
were then stained with hematoxylin and eosin (H&E) for the examination
of histological changes by light microscopy.

Determination of aMPV neutralizing antibody. aMPV-specific neu-
tralizing antibody titers were determined using a plaque reduction neu-
tralizing assay (35). The serum samples from turkeys were heat inactivated
at 56°C for 30 min. Two-fold dilutions of serum samples were mixed with
an equal volume of DMEM containing approximately 100 PFU/well
aMPV-CO in a 96-well plate and incubated at room temperature for 1 h
with constant rotation. The mixtures were then transferred to confluent
Vero-E6 cells in a 96-well plate in triplicate. After 1 h of incubation at
37°C, the virus-serum mixtures were removed, and the cells were overlaid
with 0.75% methylcellulose in DMEM and incubated for another 4 days
before virus plaque titration as described previously. Plaques were
counted, and 50% plaque reduction titers were calculated as aMPV-spe-
cific neutralizing antibody titers.

Determination of viral titer in sinus, trachea, and lung samples. Si-
nus and trachea swabs were collected from all the turkey experiments. The
swabs were eluted in 1 ml of DMEM by vortexing for 1 min. After centrif-
ugation at 3,000 X g for 10 min, the supernatants were collected for virus
detection. After euthanization, in each animal experiment the left lung
from each turkey poult was removed, weighed, and homogenized in 5 ml
of phosphate-buffered saline (PBS) solution using a Precellys 24 tissue
homogenizer (Bertin Corp., MD) according to the manufacturer’s recom-
mendations. The presence of infectious virus was determined by TCID5,
assay in Vero-E6 cells as described above.

RT-PCR and sequencing. All plasmids, virus stocks, and virus isolates
from sinus, trachea, and lungs of turkeys were sequenced. Viral RNA was
extracted from 200 wl of each recombinant virus using an RNeasy mini-
kit (Qiagen) according to the manufacturer’s recommendation. A 520-bp
DNA fragment spanning CR VI of the aMPV L gene was amplified by
RT-PCR using the following primers, designed to anneal to nucleotide
positions 12938 and 13464 (numbers are based on the genome sequence
of aMPV-CO), respectively: aMPV-L-12938-Forward: 5'-CAGCTCTAC
CGGTTGCAAAATAAGTGTCAAAGCATGT-3" and aMPV-L-13464-
Reverse: 5'-TAGAAGGACATAACACTCGGATCCTGACAGTTT-3".

The PCR products were purified and sequenced at The Ohio State
University Plant Microbe Genetics Facility to confirm the presence of the
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designed mutations. Since the initial recovered virus stocks might contain
original plasmid DNA, the stocks were digested with DNase I (Invitro-
gen), followed by RNA extraction and RT-PCR. In addition, PCR alone
(without the RT step) was performed to confirm the complete digestion of
plasmid DNA.

Quantification of viral genomic RNA by real-time RT-PCR. Total
RNA was extracted from sinus and tracheal swabs and from lungs by a
Qiagen RNeasy minikit (Qiagen) according to the manufacturer’s recom-
mendation. A total of 200 .l of homogenized lung tissue samples and 150
wl of sinus and tracheal swab fluids were used for viral RNA extraction.
Viral genomic RNA copies (GRC) from each sample were quantitated by
real-time RT-PCR using SYBR green master mix (Applied Biosystems).
The PCR conditions and cycles were as follows: initial DNA denaturation
for 10 min at 95°C, followed by 45 cycles at 95°C for 10 s, followed by an
annealing step at 58°C for 10 s, extension at 72°C for 10 s, and then signal
detection 81°C for 2 s. A plasmid containing the full-length genome of
aMPV-CO was used as a standard. Viral RNA level in lungs was expressed
as log GRC/g. Viral RNA level in sinus and tracheal swab fluid was ex-
pressed as log GRC/ml.

Statistical analysis. Statistical analysis was performed by one-way
multiple comparisons using SPSS, version 8.0, statistical analysis software
(SPSS Inc., Chicago, IL). A P value of <0.05 was considered statistically
significant.

RESULTS

Mutagenesis analysis in the predicted SAM binding site in
aMPV L protein. The SAM-dependent MTase superfamily con-
tains a series of conserved motifs including a G-rich motif and an
acidic residue (D/E) that are involved in binding SAM, the methyl
donor (36, 37). Sequence alignments showed that this binding site
is conserved in L proteins of all NNS RNA viruses with the excep-
tion of Bona disease virus (Fig. 1). In VSV L protein, these amino
acids include G1670, G1672, G1674, G1675, and D1735. Previ-
ously, we showed that rVSV-G1670A and -G1672A were specifi-
cally defective in G-N-7 but not 2’-O methylation, whereas rVSV-
G1675A abolished both G-N-7 and 2’-O methylations (29). In
addition, rVSV-D1735A diminished both G-N-7 and 2'-O meth-
ylation by approximately 70% (29). In contrast, r'VSV-G1674A
did not significantly impact G-N-7 or 2"-O methylation, but it was
sensitive to SAM concentration (28, 29). The equivalent amino
acids in aMPV L protein include G1696, G1698, G1700, N1701,
and D1755 (Fig. 1). Thus, each of these amino acid residues was
changed to alanine in aMPV L.

Recovery of recombinant aMPV (raMPV) with mutations in
the SAM binding site. The amino acids in the predicted SAM
binding motif were individually mutated to alanines in the full-
length genomic cDNA of the aMPV subtype C CO strain. Using a
reverse-genetics system, we recovered four recombinant viruses,
raMPV-G1696A, -G1700A, -N1701A, and -D1755A. However, we
failed to recover the G1698A mutant in multiple attempts. As
shown in Fig. 2, all raMPV mutants showed significantly smaller
plaque sizes than the raMPV plaque size in a direct agarose overlay
plaque assay. After 7 days of incubation, the plaque sizes of
raMPV-G1696A, -G1700A, -N1701A, and -D1755A were 0.92 *=
0.34 mm, 1.12 = 0.24 mm, 0.82 = 0.31 mm, and 0.51 = 0.20 mm,
respectively. In contrast, the plaque size of raMPV was 2.25 = 0.35
mm. Thus, these mutant viruses showed defects in cell-cell spread
and/or viral growth, as judged by their plaque morphology. To
confirm that the mutant raMPVs contained the desired muta-
tions, virus stocks were treated with DNase I to remove the possi-
ble contamination of plasmid DNA from transfection, followed by
RNA extraction. The CR VI of the L gene of each virus was ampli-
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FIG 1 Sequence alignment of SAM binding site in conserved domain VI of L proteins of NNS RNA viruses. A schematic of the conserved regions (CR) in the L
proteins is shown at the top of the figure. Amino acid sequence alignment identified six CRs, numbered I to VIin L proteins. The functions of CRs III, V, and VI
have been mapped in VSV L protein. Predicted or known alpha-helical regions are shown as cylinders, and the -sheet regions are shown as arrows. Below the
schematic, the sequence alignment of SAM binding sites is shown for representative viruses. Escherichia coli RRMJ and vaccinia virus VP39 are shown for
comparison. The predicted SAM binding site (GXGXG ... D) is shown by gray boxes. Representative members of the Pneumovirinae (aMPV-CO, avian
metapneumovirus Colorado strain; aMPV-MN, avian metapneumovirus Minnesota strain; HMPV, human metapneumovirus; HRSV, human respiratory
syncytial virus; BRSV, bovine respiratory syncytial virus; PVM, pneumonia virus of mice), Paramyxovirinae (MeV, Measles virus; HV, Hendra virus; NPV, Nipah
virus; MuV, Mump; NDV, Newcastle disease virus), Filoviridae (EBOM, Ebola virus; Marb, Marburg virus), and Rhabdoviridae (VSVI, vesicular stomatitis virus
Indiana serotype; VSVI, vesicular stomatitis virus New Jersey serotype; BEFV, bovine ephemeral fever virus; RABV, Rabies virus) are shown.

fied by RT-PCR, and sequence analysis confirmed the presence of
the mutation in all raMPV mutants (data not shown). Finally, the
entire genomes of these recombinants were sequenced to confirm
that no additional mutation(s) had been introduced (data not
shown).

Recombinant aMPVs carrying mutations in the SAM bind-
ing site had a delay in viral replication. The replication kinetics of
raMPV mutants in Vero-E6 cells was determined. As shown in Fig.
3, all raMPV mutants had a 1- to 2-day delay in viral growth
compared to raMPV. The time for reaching peak titer for these
mutants ranged from 4 to 5 days postinfection, whereas raMPV
reached a peak titer at day 3 postinfection. Interestingly, raMPV-
G1700A replicated to a higher titer than wild-type raMPV (P <
0.05) even though it had a 2-day delay in replication. The peak

raMPV

raMPV-G1696A

»

1 — - .
2.25+0.35 mm 0.92+0.34 mm

~ raMPV-G1700A

112+0.24mm  0.82 +0.31 mm

titer of raMPV-G1700A was 7.24 log,, PFU/ml, which was 1.1 logs
higher than that of raMPV (6.10 log,, PFU/ml) (P < 0.05). The
peak titers of raMPV-N1701A and raMPV-G1696A were 6.16 and
5.70 log,, PFU/ml, respectively, values which were similar to the
raMPV titer (P > 0.05). There was no significant difference in
replication kinetics between raMPV-N1701A and raMPV (P >
0.05). The peak titer of raMPV-D1755A was 5.27 log,, PFU/ml,
which was only approximately 0.8 log less than that of raMPV
(P < 0.05). The cytopathic effect (CPE) of these recombinant
viruses in Vero cells is shown in Fig. 4. Wild-type raMPV-CO
induced obvious CPE at day 2 postinoculation. The CPE caused by
the raMPV mutants was significantly delayed. Therefore, raMPVs
carrying mutations in the SAM binding site had delays in viral
replication and were attenuated in cell culture.

raMPV-N1701A raMPV-D1755A

P, o
0.51 £0.20 mm

FIG 2 Plaque morphology of recombinant aMPVs carrying mutations in the SAM binding site. An agarose overlay plaque assay was performed in monolayer
Vero-E6 cells. Viral plaques were developed at day 7 postinfection. The cells were fixed in 10% formaldehyde, and the plaques were visualized by staining with

crystal violet.
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FIG 3 Multistep growth curve of recombinant hMPVs carrying mutations in
the SAM binding site. Vero-E6 cells in 35-mm dishes were infected with each
recombinant raMPV at an MOI of 0.1. After adsorption for 1 h, the inocula
were removed, and the infected cells were washed three times with Opti-MEM.
Then, fresh Opti-MEM containing 2% FBS was added, and cells were incu-
bated at 37°C for various time periods. Aliquots of the cell culture fluid were
removed at the indicated intervals. Viral titer was determined by TCID,, assay
in Vero-E6 cells.

Genetic stability of raMPV mutants in cell culture. The ge-
netic stability of each raMPV mutant was determined by passaging
virus 12 times in Vero-E6 cells. The CR VI of the L gene from each
passage was sequenced. Results showed that all raMPV mutants
retained their mutation in the CR VI of the L gene. At passage 12,
the entire genome of each recombinant virus was sequenced. Ex-
cept for the desired mutation in the MTase region in the L gene, no
mutations were found in the genome after 12 passages. This result
suggests that these raMPV mutants are genetically stable.

Recombinant aMPYV carrying mutations in the SAM binding
site are defective in 2’-O but not G-N-7 methylation. In the last
several decades, VSV has been used as a model to study mRNA
processing in NNS RNA viruses because it has a robust in vitro
RNA reconstitution assay that allows analysis of mRNA capping,
methylation, and polyadenylation (24). Using this assay, we
showed that rVSV carrying a point mutation in the SAM binding
site (rVSV-G1670A) specifically abolished G-N-7 but not 2'-O
methylation (29). In contrast, rVSV carrying a point mutation in
the MTase catalytic site (rVSV-K1651A) abolished both G-N-7
and 2'-O methylations (28). Unlike VSV, most paramyxoviruses,
including aMPV, are unable to synthesize mRNA in vitro using
purified virus particles. We have developed a trans-methylation
assay that allows us to analyze cap methylation of viral mRNA in
virus-infected cells. In this experiment, we used rVSV, rVSV-
K1651A, and rVSV-G1670A as controls since their status with
respect to mRNA cap methylation has been well defined. Briefly,
Vero-E6 cells were mock infected or infected by raMPV mutants
or rVSV mutants at an MOI of 0.1, and mRNAs for each recom-
binant virus were harvested. To determine whether these viral
mutants were defective in G-N-7 methylation, equal amounts of
mRNA from each mutant was incubated with 10 units of vaccinia
virus G-N-7 MTase in the presence of 15 wCi of ["H]SAM. After
the methylation reaction, RNA was purified, and the methylation
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raMPV-
N1701A

Day2 Day4 Day6

FIG 4 Cytopathic effects (CPEs) caused by raMPVs carrying mutations in the
SAM binding site. Vero-E6 cells were infected with each recombinant aMPV at
an MOI of 0.1. CPE was monitored on a daily basis. Pictures were taken at days
2, 4, and 6 postinfection.

of the mRNA cap structure was quantified by determining the *H
incorporation with a scintillation counter. The [*’H]SAM incor-
poration (ccpm) from wild-type or mutant virus was reduced
by the ccpm of RNA from mock-infected cells (background con-
trol). The ccpm was normalized by virus-specific mRNA. In addi-
tion, the ratio of *H incorporation between the raMPV mutant
and raMPV was calculated. As shown in Fig. 5A, raMPV mRNAs
were not methylated by vaccinia virus G-N-7 MTase, which is
consistent with this site already being methylated by the raMPV
enzymes. Similarly, the [’H]SAM incorporation of mRNAs pro-
duced by raMPV-G1696A, -G1700A, -N1701A, and -D1755A was
indistinguishable from that of raMPV (P > 0.05), suggesting that
mRNAs of these mutants already contain G-N-7 methylation and
thus were not methylated by the exogenous vaccinia virus G-N-7
MTase. As shown in Fig. 5A, rVSV mRNAs were not methylated
by vaccinia virus G-N-7 MTase, which is consistent with the fact
that rVSV produces fully G-N-7-methylated mRNA. In contrast,
mRNAs of rVSV-K1651A and -G1670A were efficiently methyl-
ated by vaccinia virus G-N-7 MTase. The *H incorporation of
rVSV-K1651A and -G1670A was approximately 6.41- and 5.68-
fold higher than that of wild-type rVSV, respectively. This is es-
sentially consistent with our previous observation showing that
rVSV-K1651A and -G1670A lacked G-N-7 methylation using an
in vitro mRNA synthesis assay (28, 29). Therefore, this result in-
dicates that thMPV-G1696A, -G1700A, -N1701A, and -D1755A
are not defective in G-N-7 methylation.

Similarly, we developed a trans-methylation assay to analyze
2'-O methylation of mRNAs isolated from virus-infected cells.
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FIG 5 Analysis of aMPV mRNA cap methylation by in vitro trans-methylation
assay. (A) G-N-7 trans-methylation assay. A total of 500 ng of mRNAs was
isolated from aMPV- or VSV-infected cells and trans-methylated by vaccinia
virus G-N-7 MTase in the presence of 15 wCi of [’H]SAM as described in
Materials and Methods. [*H]SAM incorporation (ccpm) from wild-type or
mutant aMPV was reduced by the ccpm of RNA from mock-infected cells. The
ccpm was normalized by virus-specific mRNA. The number on the top of each
column indicates the ratio of [*’H]SAM incorporation of viral mRNAs between
mutant and wild-type viruses. The data are the average of three independent
experiments. (B) 2'-O trans-methylation assay. A total of 500 ng of mRNAs
was isolated from aMPV- or VSV-infected cells and premethylated by vaccinia
virus G-N-7 MTase in the presence of 1 mM cold SAM. The RNAs were puri-
fied and further trans-methylated by vaccinia virus 2'-O MTase in the presence
of 15 wCi o [’H]SAM. The ccpm of [’H]SAM incorporation for each virus is
shown. The number on the top of each column indicates the ratio of [*’H]SAM
incorporation of viral mMRNAs between mutant and wild-type viruses. Data are
the average of three independent experiments.

Briefly, equals amount of mRNAs of raMPV and rVSV mutants
were incubated with 10 units of vaccinia virus 2'-O MTase (VP39)
in the presence of 15 pCi of [PH]SAM. After the methylation
reaction, RNA was purified, and the level of 2'-O methylation was
measured by *H incorporation using a scintillation counter. As
shown in Fig. 5B, raMPV mRNAs were not methylated by vaccinia
virus 2'-O MTase, suggesting that raMPV produces 2'-O-methyl-
ated mRNA. The °H incorporation of raMPV-G1696A, -G1700A,
-N1701A, and -D1755A was 6.0- to 9.5-fold higher than that of
wild-type raMPV-CO (P < 0.05), suggesting that these raMPV
mutants had defects in 2'-O methylation. Again, VSV mutants
were used as controls in this experiment. As shown in Fig. 5B,
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rVSV mRNAs were not methylated by vaccinia virus 2’-O MTase,
which is consistent with the fact that rVSV produces fully 2'-O-
methylated mRNAs. In contrast, mRNAs of rVSV-K1651A were
efficiently methylated by vaccinia virus 2’-O MTase, demonstrat-
ing that rVSV-K1651A is defective in 2'-O methylation. The *H
incorporation of rVSV-K1651A was approximately 9.1-fold
higher than that of wild-type rVSV. However, *H incorporation of
mRNAs produced by rVSV-G1670A was not significantly differ-
ent from that of rVSV, demonstrating that rVSV-G1670A is not
defective in 2'-O methylation. Collectively, two major conclu-
sions can be drawn from the above-described experiments. First,
for VSV mutants, the results of the trans-methylation assay using
exogenous vaccinia G-N-7 and 2'-O MTases were essentially sim-
ilar to those from an in vitro mRNA synthesis assay using purified
VSV particles. Second, raMPVs carrying mutations in the SAM
binding site were specifically defective in 2'-O, but not G-N-7,
methylation.

Recombinant aMPYV carrying mutations in the SAM binding
site are attenuated in turkeys. The replication and pathogenesis
of raMPV mutants were determined in turkey poults, the natural
hosts of aMPV. Briefly, 2-week-old SPF turkeys were inoculated
with 2 X 10° TCIDs,s of raMPV-CO or raMPV mutants via the
oculonasal route. After virus inoculation, clinical signs associated
with aMPV infection were monitored daily. Three turkey poults
from each group were euthanatized at 3, 5, 7, and 10 days postin-
oculation (dpi), and swabs and sections from sinuses, tracheas,
and lungs were collected at necropsy. Viral titers in sinuses, tra-
cheas, and lungs were determined by TCIDs, and viral RNA bur-
den was quantified by real-time RT-PCR (Table 1).

(i) Clinical signs. At dpi 3, all turkey poults inoculated with
raMPV-CO exhibited typical clinical signs of aMPV infection,
including cough, turbid nasal exudates, frothy eyes, and/or
swollen infraorbital sinuses. The clinical signs persisted until
10 dpi. In contrast, turkey poults inoculated with raMPV-
G1696A, -G1700A, -N1701A, and -D1755A did not have signifi-
cant clinical signs during the course of the experimental period.
Turkeys in the uninfected control group had no clinical signs.
Therefore, all raMPV mutants are avirulent to turkey poults.

(ii) Virus titer. At dpi 3, all 3 turkeys infected with raMPV-CO
had a high titer of infectious virus. Virus titers in sinus and trachea
swabs were 4.75 and 5.25 log,, TCID;,/ml, respectively. Although
all turkeys inoculated with raMPV-G1696A and -G1700A were
aMPV positive, the virus titer was significantly less than that in the
raMPV group. For raMPV-G1696A, 3.50 and 3.25 log,
TCID;,/ml virus were detected in sinus and trachea, respectively.
For raMPV-G1700A, 4.00 and 4.25 log;, TCID5,/ml virus were
found in sinus and trachea, respectively. Two out of three turkeys
in raMPV-N1701A- and -D1755A-infected groups had infectious
viruses. Viral titers in sinus and trachea were 2.0 to 2.5 and 3 to
3.25log;, TCID5,/ml less than those in the raMPV group, respec-
tively. Under our experimental conditions, no infectious virus was
detected in lungs from any virus-infected group. At dpi 5, two out
of three turkeys had infectious virus in sinus, with an average titer
of 2.5 log,, TCIDs,/ml, and one out of three turkeys had infec-
tious virus in the trachea, with a titer of 2.75 log,, TCID;,/ml. In
contrast, turkeys in all raMPV mutant-infected groups had no
detectable virus. At dpi 7 and dpi 10, all virus-infected groups were
virus negative. Overall, raMPV-G1696A and -G1700A were mod-
erately (1.2-log defects) attenuated in virus replication in turkeys,
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TABLE 1 Replication of raMPV mutants in the upper and lower respiratory tracts of turkeys

Virus replication in:”

Sinus (n = 3) Trachea (n = 3) Lung (n = 3)
Clinical No. of Viral RNA No. of Viral RNA No. of
Date postinoculation signs infected Viral titer (log,, (log,, infected Viral titer (log,, (logyo infected Viral titer (log,, Viral RNA
and inoculum® (n=23)° animals? TCIDs,/ml) GRC/ml)¢ animals TCID5,/ml) GRC/ml) animals TCIDs,/g) (log,, GRC/g)
Day 3
raMPV-CO 3 3 475+ 0.25A 6.78 = 0.01 A 3 525+ 0.38 A 7.11 = 0.03 A 0 ND 7.36 £ 0.28 A
G1696A 0 3 3.50 = 0.20B 6.00 = 0.37 B 3 3.25*0.46C 6.19 = 0.01B 0 ND 6.18 = 0.05B
G1700A 0 3 4.00 £ 0.19B 6.22 + 0.01 B 3 425+ 0.13B 6.25+0.14 B 0 ND 6.16 = 0.04 B
N1701A 0 2 2.75+0.10C 6.17 = 0.04 B 2 2.25+0.38C 6.16 = 0.05B 0 ND 6.05*0.03B
D1755A 0 2 2.25*0.26C 6.20 = 0.15B 2 2.00 = 0.39C 6.21 = 0.03B 0 ND 6.12 = 0.06 B
DMEM 0 0 ND ND 0 ND ND 0 ND ND
Day 5
raMPV-CO 3 2 2.50 = 0.38 6.00 £ 0.18 A 1 2.75 = 0.00 6.85 £ 0.25A 0 ND 6.24 * 0.13 A
G1696A 0 0 ND 4.68 = 1.06 B 0 ND 4.48 £ 0.05B 0 ND 499 =124 8B
G1700A 0 0 ND 529 £0.18B 0 ND 5.87 £ 2.09B 0 ND 5.37 £ 1.72B
N1701A 0 0 ND 4.14 £ 046 C 0 ND 3.84 +£0.33C 0 ND 4.78 £ 0.70 B
D1755A 0 0 ND 3.64 =224 C 0 ND 3.83 £0.11C 0 ND 4,18 £2.04C
DMEM 0 0 ND ND 0 ND ND 0 ND ND
Day 7
raMPV-CO 3 0 ND 412+ 021 A 0 ND 3.99 = 0.05 A 0 ND 415+ 0.15A
G1696A 0 0 ND 3.45*0.03B 0 ND 3.12%£0.15B 0 ND 542 = 0.04 A
G1700A 0 0 ND 4.02 =021 A 0 ND 3.78 £ 0.33A 0 ND 3,55+ 0.28B
N1701A 0 0 ND 2.30 £0.15C 0 ND 2.55*£0.31C 0 ND 2.90 £0.38C
D1755A 0 0 ND 2.00 = 0.06 C 0 ND 2.12+0.23C 0 ND 2.43 = 0.04C
DMEM 0 0 ND ND 0 ND ND 0 ND ND
Day 10
raMPV-CO 0 0 ND 3.02*=0.11A 0 ND 299 = 0.23A 0 ND 3.15* 044 A
G1696A 0 0 ND ND 0 ND ND 0 ND ND
G1700A 0 0 ND 249+ 1.14B 0 ND 2.25*+0.33B 0 ND 2.18 = 0.13B
N1701A 0 0 ND ND 0 ND ND 1] ND ND
D1755A 0 0 ND ND 0 ND ND 0 ND ND
DMEM 0 0 ND ND 0 ND ND 0 ND ND

“ Two-week-old SPF turkeys were inoculated intranasally with DMEM as a control or with 2 X 10° TCIDs, of raMPV-CO or a mutant virus. At days 3, 5, 7, and 10 postinoculation, three animals in each group were euthanized for viral

isolation.

¥ Titers are the average values for virus-positive animals. Values within a column for the same day followed by different letters (A, B, and C) are significantly different (P <0.05). , number of animals per group; ND, not detectable.
¢ The number of turkeys with clinical signs of aMPV infection.
4 Turkeys that had infectious virus particles were reported as infected animals.
¢ GRC, indicates genomic RNA copies.
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TABLE 2 Histologic changes caused by MTase-defective raMPVs

Histological findings in:

Trachea Lung

No. of turkeys with  Avg No. turkeys with  Avg
Inoculum* lesion (n = 3)” score’ lesion (n = 3) score
DMEM 0 0 0 0
raMPV-CO 3 25A 3 2.5A
G1696A 3 1.0 B 2 1.0B
G1700A 2 0.67 B 2 0.67 B
N1701A 2 0.67 B 1 0.33 B
D1755A 2 0.67 B 1 0.33 B

“raMPV-CO virus or the indicated mutant. DMEM was used as a control.

b 1, number of animals per group.

¢ The severity of histologic change was scored for each trachea and lung tissue sample.
Average score for each group is indicated as follows: 0, no change; 1, mild change; 2,
moderate change; 3, severe change. Values within a column followed by the different
letters (A and B) are significantly different (P < 0.05).

whereas raMPV-N1701A and -D1755A were highly (more than
3-log defects) attenuated in virus replication.

(iii) Viral RNA. Viral genomic RNA burden was quantitated
by real-time RT-PCR. At dpi 3, all samples from sinus, trachea,
and lung were RNA positive. raMPV mutant groups had 0.5 to 0.8
log, 0.8 to 1.0log, and 1.2 to 1.4 logs fewer genomic RNA copies in
sinus, trachea, and lung, respectively, than raMPV. At dpi 5,
raMPV mutant groups had 0.7 to 2.4 logs, 1.0 to 3.0 logs, and 1.3
to 2.0 logs fewer genomic RNA copies in sinus, trachea, and lung,
respectively. At dpi 10, the raMPV-CO group had 2 to 3 logs RNA
whereas raMPV-G1696A, -N1701A, and -D1755A groups were
RNA negative. Consistent with virus replication data, raMPV-
G1696A and -G1700A were moderately attenuated in genomic
RNA replication in turkeys, whereas raMPV-N1701A and -D1755A
were highly (more than 3-log defects) attenuated in RNA replication.

(iv) Genetic stability. The CR VI of the L gene from sinus,
trachea, and lung samples of each turkey was amplified by RT-
PCR, and sequence analysis confirmed the presence of the muta-
tion in all raMPV mutants. In addition, viral genome from lung
tissue was amplified by RT-PCR and sequenced. No additional
mutations were found in the genome except for the desired mu-
tation in the MTase region of the L gene. This indicates that
MTase-defective raMPV mutants remained genetically stable in
turkeys.

(v) Histologic findings. All trachea and lung tissues at dpi 3
were examined for histologic changes. As shown in Table 2 and
Fig. 6, trachea tissues from the raMPV-CO-inoculated group had
moderate to severe histological changes characterized by tracheal
epithelial cell necrosis or loss, mucus secretion, and inflammation.
In addition, lungs from the raMPV-CO-inoculated group had
moderate to severe histological changes characterized by bron-
chial epithelial and alveolar cell necrosis or loss, mucus secretion,
excess layered mucus, and inflammatory cell infiltrates. In con-
trast, tracheal and lung tissues from all raMPV mutant groups
exhibited only mild histologic changes. No histologic change was
found in the uninfected control group. These results further sug-
gest that raMPV mutants were attenuated in turkeys.

Turkey poults vaccinated with raMPV mutants provided
complete protection against challenge with a homologous
aMPV-CO strain. Next, we determined whether turkeys vacci-
nated with raMPV mutants can induce protective immunity.
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Briefly, 1-week-old turkey poults were vaccinated with each
raMPV mutant were challenged with a virulent raMPV-CO strain
at week 3 postvaccination. At 3, 5, 7, and 10 days postchallenge
(dpc), 5 turkeys from each group were euthanized; infectious virus
and viral RNA in sinus, trachea, and lung were quantified by
TCIDs;, and real-time RT-PCR, respectively (Table 3).

(i) Virus-serum neutralizing antibody titer. At week 3 post-
vaccination, serum samples were collected from each turkey, and
the virus-serum neutralizing antibody was determined. As shown

(A) Normal raMPV-CO

raMPV-G1700A

raMPV-CO

raMPV-CO raMPV-G1700A

FIG 6 Trachea and lung histological changes in turkeys infected by MTase-
defective raMPVs. Trachea and right lung from each turkey was preserved in
4% (vol/vol) phosphate-buffered paraformaldehyde. Fixed tissues were em-
bedded in paraffin, sectioned at 5 wm, and stained with hematoxylin-eosin
(H&E) for the examination of histological changes by light microscopy. Ar-
rows indicates the histologic changes. (A) Histology of trachea tissue. Trachea
tissues from raMPV-CO group had epithelial cell necrosis or loss, cilia loss, and
inflammation. Magnification, X100. (B) Histology of lung tissue. Lung tissues
from raMPV-CO had bronchial epithelial and alveolar cell necrosis or loss,
mucus secretion, and inflammatory cell infiltrates. Magnification, X200.
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TABLE 3 Protection efficacy of aMPV mutants against the challenge of raMPV-CO strain

Virus replication in:”

Sinus (n = 5) Trachea (n = 5) Lung (n = 5)
Clinical No. of Viral RNA No. of Viral RNA No. of
Date postchallenge signs infected Viral titer (log,, (log,o infected Viral titer (log,, (logyo infected Viral titer (log,, Viral RNA
and inoculum® (n=>5)° animals? TCID5,/ml) GRC/ml)* animals TCID5,/ml) GRC/ml) animals TCIDs,/g) (log,, GRC/g)
Day 3
DMEM 5 5 525+ 0.23 A 6.17 £ 0.28 A 5 495+ 0.13 A 6.67 = 0.15A 0 ND 7.54 = 0.35 A
DMEMC 0 0 ND ND 0 ND ND 0 ND ND
raMPV-CO 0 2 225+ 0.16 B 492 = 0.12B 2 2.75*+0.00B 412 =0.11B 0 ND 436 = 0.33B
G1696A 0 0 ND 3.34 = 0.08 C 0 ND 2.96 = 0.10C 0 ND 3.77 £0.10 B
G1700A 0 0 ND 3.84 = 0.16 C 0 ND 3.61 £0.73B 0 ND 3.96 £ 0.66 B
N1701A 0 0 ND 3.92£0.19C 0 ND 3.73 £0.46 B 0 ND 3.78 £0.49B
D1755A 0 1 2.05 £ 0.00 B 394 £ 0.04 C 1 2.05 £0.00B 343 £041B 0 ND 3.65 £ 0.18B
Day 5 0
DMEM 5 2 2.75 = 0.00 5.11 = 0.03 A 2 2.25 = 0.00 5.02 = 0.10 A 0 ND 537 = 0.14 A
DMEMC 0 0 ND ND 0 ND ND 0 ND ND
raMPV-CO 0 0 ND 2.69 = 0.23B 0 ND 2.62 1328 0 ND 3.37 2 0.48B
G1696A 0 0 ND 2.20 £1.83B 0 ND 229 *+040B 0 ND 2.51 £ 0.73C
G1700A 0 0 ND 250 = 0.74B 0 ND 241 =043 B 0 ND 2.87 =0.10C
N1701A 0 0 ND 2.12 = 0.00B 0 ND 2.03 = 0.00B 0 ND 221%0.23C
D1755A 0 0 ND 1.97 =033 B 0 ND 2.18 £0.71 B 0 ND 2.19 £ 041C
Day 7 0 0
DMEM 5 0 ND 4.07 = 0.41 0 ND 4.18 = 0.08 0 ND 487 = 0.11 A
DMEMC 0 0 ND ND 0 ND ND 0 ND ND
raMPV-CO 0 0 ND ND 0 ND ND 0 ND ND
G1696A 0 0 ND ND 0 ND ND 0 ND ND
G1700A 0 0 ND ND 0 ND ND 0 ND ND
N1701A 0 0 ND ND 0 ND ND 0 ND 1.19 = 0.00 B
D1755A 0 0 ND ND 0 ND ND 0 ND 1.01 = 0.00 B

“ Two-week-old SPF turkeys were immunized intranasally with DMEM or 2 X 10° TCIDs, of raMPV-CO or mutant virus. At week 4 postimmunization, each group was challenged with the raMPV-CO strain. At days 3, 5, and 7
postchallenge, 5 animals in each group were euthanized for viral isolation. DMEM, unvaccinated challenge control; DMEMC, unvaccinated unchallenged control.
¥ Titers are average values for virus-positive animals. Values within a column for the same day followed by different letters (A, B, and C) are significantly different (P < 0.05). ND, not detectable; 1, number of animals per group.
¢ The number of turkeys with clinical signs of aMPV infection.

@ Turkeys that had infectious virus particles were reported as infected animals.
¢ GRC, genomic RNA copies.
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FIG 7 Recombinant aMPVs triggered a high level of neutralizing antibody titer in turkeys. Turkey poults were immunized with each recombinant aMPV
intranasally at a dose of 2.0 X 10° PFU per turkey. Blood samples were collected at week 3 postvaccination. The aMPV neutralizing antibody was determined
using a plaque reduction neutralization assay as described in Materials and Methods. Average titers for each group are shown. (A) Antibody responses in turkeys
from animal experiment 2. (B) Antibody responses in turkeys from animal experiment 3.

in Fig. 7A, all aMPV mutants triggered high levels of antibody.
Importantly, antibody titers in aMPV mutant groups were signif-
icantly higher than those infected by raMPV-CO. No antibody was
detected in the unvaccinated controls. Thus, these data demonstrated
that MTase-defective raMPVs were highly capable of eliciting anti-
body responses even though they were attenuated in turkeys.

(ii) Clinical signs. At dpc 3, all turkey poults in the unvacci-
nated challenged control group had typical clinical signs for
aMPV infection, which persisted until dpc 7. In contrast, turkey
poults vaccinated with raMPV-CO, raMPV-G1696A, -G1700A,
-N1701A, and -D1755A did not have clinical signs during the
course of the experimental period. In addition, turkeys in the un-
challenged control group had no clinical signs. Therefore, turkeys
vaccinated with the raMPV mutant were protected from clinical
signs of aMPV infection.

(iii) Viral titer. At dpc 3, all turkeys in the unvaccinated chal-
lenged control group had infectious virus in sinus and trachea,
with an average titer of 5.25 and 4.95 log;, TCIDs,/ml, respec-
tively. Two out of five turkeys vaccinated in the raMPV-CO group
had 2.25 and 2.75 log, , TCIDs,/ml of infectious virus in sinus and
trachea, respectively. One out of five turkeys vaccinated with

TABLE 4 Summary of phenotype of MTase-defective raMPV's

raMPV-D1755A had 2.05 log,, TCIDs,/ml of infectious virus in
both sinus and trachea. No infectious virus was detected in sinus
and trachea in raMPV-G1696A-, -G1700A-, and -N1701A-vacci-
nated groups. No virus was detected in lungs of any group. At 5
dpc, all vaccinated groups were negative for infectious virus,
whereas the unvaccinated challenged controls had 2.75 and 2.25
log,, TCIDs,/ml infectious virus in sinus and trachea, respec-
tively. At dpc 7, all groups were negative for aMPV. Therefore,
vaccination of each raMPV mutant protected against viral repli-
cation in sinus and trachea in turkeys.

(iv) Viral RNA. At dpc 3, unvaccinated challenged control
birds had 6.17 logs, 6.67 logs, and 7.54 logs of RNA copies in sinus,
trachea, and lung, respectively. In contrast, all vaccinated groups
had 3- to 4-log reductions in RNA copies in sinus, trachea, and
lung. Similarly, at dpc 5, all vaccinated groups had 3-log defects in
RNA copies compared to unvaccinated challenged controls. At
dpc 7, unvaccinated challenged controls had 4 logs of RNA copies,
whereas all vaccinated groups were RNA negative. No RNA was
detected in the normal control group. Therefore, these results
demonstrated that turkeys vaccinated with raMPV-CO mutants

Protection against aMPV-CO®

Protection against aMPV-MN

No. of protected animals

No. of protected animals

4 Overall Overall

. L. L. (n=05) . (n=15) .
Vaccine Attenuation in Attenuation in protection protection
strain cell culture” turkeys” Day 3 Day 5 Day 7 rate (%)° Day 3 Day 5 Day 7 rate (%)
raMPV-CO NA Virulent 3 5 5 86.7 1 5 5 73.3
G1696A Attenuated Moderately attenuated 5 5 5 100 5 5 5 100
G1700A Attenuated Moderately attenuated 5 5 5 100 5 5 5 100
N1701A Attenuated Highlyattenuated 5 5 5 100 5 5 5 100
D1755A Attenuated Highlyattenuated 4 5 5 93.3 1 5 5 73.3

@ Attenuation in cell culture was based on viral plaque morphology and cytopathic effect.

b Attenuation was based on virus replication, RNA replication, and lung and trachea histology.
¢ At week 3 postvaccination, turkeys were challenged with the aMPV-CO strain. At days 3, 5, and 7 postchallenge, five turkeys from each group were euthanized. Protection was

based on the lack of clinical signs and on viral replication in sinus, trachea, and lungs.
@ 1, number of animals per group.

¢ The protection rate was calculated based on a total of 15 turkeys used for each vaccine group.
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were completely protected against challenge with the homologous
aMPV CO strain (Table 4).

Vaccination of turkey poults with raMPV mutants provided
complete protection against challenge with a heterologous
aMPV MN strain. We also determined whether turkeys vacci-
nated with raMPV mutants could be protected against challenge
with a heterologous aMPV MN strain. As shown in Fig. 7B, virus-
serum neutralizing antibody titers in raMPV-G1696A, -G1700A,
and -N1701A groups were significantly higher than the titer in
raMPV-CO group (P < 0.05). As shown in Table 5, the results
were essentially similar to what was observed for a challenge ex-
periment using the raMPV-CO strain. Unvaccinated turkeys chal-
lenged with the aMPV-MN strain exhibited clinical signs of aMPV
infection, whereas all vaccinated groups lacked clinical signs. No
infectious virus was detected in turkeys vaccinated with aMPV-
G1696A, -G1700A, and -N1701A at dpc 3, 5, and 7. Four out of
five turkeys in the raMPV-CO and raMPV-D1755A groups at dpc
3 were aMPV positive. However, significantly less virus (2 to 3
logs) was detected in sinus and trachea in turkeys vaccinated with
raMPV-CO and raMPV-D1755A at dpc 3. In addition, turkeys
vaccinated with raMPV mutants had 3 to 4 logs fewer RNA copies
than the unvaccinated challenged controls at dpc 3 and dpc 5. No
RNA was detectable in vaccinated groups at dpc 7, whereas
approximately 4 log RNA copies remained in the unvaccinated
controls. Collectively, these results demonstrated that turkeys
vaccinated with raMPV-G1696A, -G1700A, and -N1701A were
completely protected against challenge with the heterologous
aMPV MN strain (Table 4).

DISCUSSION

In this study, we generated four recombinant viruses with amino
acid substitutions in the predicted SAM binding site and exam-
ined the effects of these mutations on viral mRNA cap methyl-
ation, pathogenesis, and immunogenicity. We found that amino
acid residuesin G1696, G1700,N1701,and D1755 within the SAM
binding site were essential for 2’-O methylation and that recom-
binant aMPVs carrying these mutations were highly attenuated in
cell culture as well as in turkeys. Importantly, a single-dose vacci-
nation of turkeys with these attenuated raMPV mutants provided
complete protection against the challenge with homologous and
heterologous aMPV strains. To our knowledge, this is first dem-
onstration of the safety and efficacy of 2’-O MTase-defective re-
combinant viruses in the natural hosts.

2'-0 MTase is a novel target for attenuation of aMPV and
other RNA viruses. Avian paramyxoviruses include many eco-
nomically important pathogens. Within the genus Avulavirus in
the subfamily of Paramyxovirinae, at least 11 distinct serotypes of
avian paramyxoviruses (named APMV 1 to 11) have been identi-
fied (38). APMV-1, also known as Newcastle disease virus (NDV),
is responsible for one of the most disastrous diseases in birds and
is considered a major economic threat to the poultry industry
worldwide (39). Another important avian paramyxovirus is
aMPV, which is in the genus Metapneumovirus in the subfamily
Pneumovirinae. Since the discovery of aMPV in 1970, live attenu-
ated vaccines have been developed for aMPV types A and B in
Europe (21, 40). After the detection of an aMPV subtype C in the
United States, a live attenuated vaccine has also been developed
(41). These vaccine strains were generated by blind passage of the
virulent strains in tissue culture. In some cases, serial passage of
aMPV in cell culture led to truncation of viral G protein, raising
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the concern of genetic stability of the virus (40, 42—45). Virulence
reversion is another major risk for using these attenuated vaccines.
In fact, outbreaks of aMPV due to virulence reversion of live
aMPV vaccines have been reported in Europe (22, 23). More re-
cently, reverse-genetics systems for aMPV, whereby infectious vi-
rus is derived from cDNAs, has facilitated the development of new
live attenuated aMPV vaccine candidates. Traditional attenuation
strategies for paramyxoviruses have been focused on engineering
mutations in two glycoproteins (F or HN/G proteins) (42). How-
ever, both F and HN/G proteins are viral immunogenic antigens
that are responsible for protective immunity (46). As a conse-
quence, mutations in glycoproteins will likely impair the immu-
nogenicity of the attenuated live vaccine. In addition, a gene dele-
tion mutant has been proposed to attenuate the aMPV. However,
it was shown that deletion of individual nonessential genes (SH, G,
and M2-2) in aMPV type A virus severely impaired antibody re-
sponse, protection, and immunogenicity (42, 47, 48). Therefore,
exploration of new attenuation targets to generate more stable and
efficacious vaccines is urgently needed.

We hypothesize that the viral mRNA cap MTase is an excellent
target to rationally attenuate aMPV for the development of live
attenuated vaccines. We found that 2'-O MTase-defective
raMPVs were attenuated in cell culture, as judged by diminished
viral plaque size and delayed CPE (Table 4). In vivo, we found that
2'-O MTase-defective raMPVs were attenuated in viral replication
in the upper and lower respiratory tract of turkeys (Table 4). Spe-
cifically, raMPV-D1755A and raMPV-N1701A were highly atten-
uated in virus replication in vivo. No infectious virus particles were
found in the upper or lower respiratory tracts in turkeys inocu-
lated with these two raMPV mutants. Recombinant raMPV-
G1696A and raMPV-G1700A were moderately attenuated, based
on the evidence that two out of three animals had low levels of
virus replication in tracheal and sinus swabs. Under our experi-
mental conditions, we were not able to detect any infectious
aMPV from lungs despite the fact that moderate to severe lung
histological lesions were found in turkeys infected by both wild-
type aMPV-CO and -MN strains. Failure to detect infectious virus
in lungs may be due to variations in environmental factors (such
as humidity), tissue homogenization methods, inhibitors in lung
tissues, or the sensitivity of the TCIDs, assay. In fact, attempts
have been made to improve the aMPV challenge model by coin-
fection of bacterial pathogens (1, 41). Previously, it was shown
that these experimental factors dramatically affected viral titers of
hMPV, another member in the genus Metapneumovirus, in lungs
of mice (reviewed in reference 49). However, we showed that the
levels of viral genomic RNA in lungs from MTase-defective
raMPV groups were significantly lower than those from the
raMPV group, further supporting the idea that MTase-defec-
tive raMPVs were attenuated in replication in lungs. In this study,
we chose aMPV-CO and -MN strains as challenge viruses since
they are the most representative of strains that are prevalent in the
United States and have been widely used as virulent strains to
evaluate the efficacy of aMPV vaccines (1, 41, 46). In addition,
these two strains have significant amino acid variability (76.1%
homology) in the attachment glycoprotein (G) although they
share relatively high identity (98.7%) in the fusion (F) glycopro-
tein. Importantly, turkeys vaccinated with raMPV mutants (de-
rived from the aMPV-CO strain) triggered a higher level of neu-
tralizing antibody and were completely protected against
challenge with the homologous aMPV-CO strain and heterolo-
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gousaMPV-MN strain (Table 4). Importantly, all raMPV mutants
were genetically stable when passaged 12 times in cell culture. The
viral genome RNA was also isolated from lung tissue and se-
quenced. No additional mutations were found in the genome ex-
cept for the desired mutation in the CR VI of the L gene. In addi-
tion, some of the raMPV mutants (raMPV-G1700A, -N1701A,
and -G1696A) grew to higher than or similar titers as the wild-type
aMPV. Thus, it is economically feasible for manufacture. These
results demonstrated that MTase-defective viruses are excellent
vaccine candidates for aMPV.

The concept of using MTase as a target to generate live atten-
uated vaccine has been recently documented in several other RNA
viruses. Previously, we showed that rVSV lacking both G-N-7 and
2'-O methylations were highly attenuated, whereas rVSV lacking
only G-N-7 methylation had low virulence in mouse models (30).
A 2'-O MTase-defective dengue virus vaccine candidate was
highly attenuated and immunogenic in mouse and macaque mod-
els (50). In addition, a single vaccination of 2'-O MTase-defective
Japanese encephalitis virus (JEV), another flavivirus, provided
protection against lethal challenge with JEV strains in mice (51).
Also, severe acute respiratory syndrome (SARS) coronavirus lack-
ing 2'-O methylation was attenuated and provided protection
against lethal challenge in mouse models (52). Therefore, target-
ing 2'-O methylation may provide a novel and global strategy for
rationally designing live attenuated vaccine candidates for many
RNA viruses whose genomic RNA or mRNA is 2'-O methylated.
Although these vaccine candidates are promising in rodent or
nonhuman primate models, their safety and efficacy profile in
natural hosts are unknown. Particularly, many live vaccine candi-
dates for paramyxoviruses (such as RSV) were initially shown to
be safe and immunogenic in animal models but often lacked sat-
isfactory safety and efficacy in human clinical trials (53, 54). In this
study, we found that 2'-O MTase-defective aMPVs were not only
highly attenuated and genetically stable but also highly immuno-
genic in turkey poults. This was the first demonstration that 2'-O
MTase-defective viruses are safe and immunogenic in a natural
host of a virus. This finding will facilitate the commercialization of
MTase-defective live vaccine candidates in the future.

Mechanism of viral attenuation by inhibiting 2’'-O MTase.
Recently, many breakthroughs have been made in understanding
the mechanism of virus attenuation by knocking out 2"-O MTase
activity. It is known that G-N-7 methylation is essential for mRNA
stability and efficient translation (reviewed in reference 55). Thus,
abolishing G-N-7 methylation will inhibit the efficiency of viral
protein translation, which in turn diminishes viral replication.
This mechanism likely contributes to the attenuation of rVSV-
G1670A and -G1672A which lacked G-N-7 but not 2"-O methyl-
ation. However, the biological function of 2'-O methylation re-
mains elusive although it was discovered 4 decades ago. Recent
studies in West Nile virus (WNV), mouse hepatitis virus (MHV),
and vaccinia virus showed that 2'-O methylation is required to
escape the interferon (IFN)-mediated innate immune response in
host cells, and it functions as a molecular signature to discriminate
self RNA from non-self RNA during viral infection (34, 56). At
least two distinct antiviral mechanisms were affected by 2'-O-
methylation. On one hand, human and mouse coronavirus mu-
tants lacking 2'-O MTase activity induced higher expression of
type I IFN and were highly sensitive to type I IFN. The induction of
type I IFN by 2'-O MTase coronaviruses was dependent on the
cytosolic innate immune receptor MDAS (34). On the other hand,
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2'-O MTase-defective WNV, MHV, and vaccinia virus were more
sensitive to antiviral inhibition by IFN-inducible protein with tet-
ratricopeptide repeats (IFITs), which are interferon-stimulated
genes (ISGs) linked to translational regulation (56). It was also
found that IFIT1 directly binds to the capped RNA and that this
binding was dependent on the methylation state of the cap (57).
Specifically, the binding of IFIT1 to 2'-O-unmethylated capped
RNA impairs the recruitment of eukaryotic translation initiation
factors to the 2'-O-unmethylated RNA template, thereby selec-
tively inhibiting viral RNA translation. Collectively, the mecha-
nism of attenuation of the 2'-O MTase viruses is attributable to
the enhanced sensitivity to the antiviral action of IFN. Future ex-
periments will aim to determine whether attenuation of 2'-O
MTase-defective raMPVs is attributable to the IFN signaling path-
ways.

Mechanism of mRNA cap methylation in paramyxoviruses.
The mechanism of paramyxovirus cap methylation is poorly un-
derstood, mostly due to lack of robust in vitro mRNA synthesis
and the difficulty in purifying the L protein (24). Most of our
knowledge on mRNA cap methylation comes from the studies of
VSV, a rhabdovirus as prototype for NNS viruses. Previously, we
showed that 2"-O methylation of VSV mRNA precedes and facil-
itates G-N-7 methylation, an order that is the reverse of all known
mRNA cap methylations (29, 58). Mutations to the MTase cata-
lytic site in the CR VI of L protein abolished both G-N-7 and 2'-O
methylations, suggesting that G-N-7 and 2'-O methylation were
carried out by a single CR VI (28). However, mutations in the
SAM binding sites either diminished both G-N-7 and 2’-O meth-
ylation or specifically abolished G-N-7 methylation (29). Specifi-
cally, rVSV-G1670A and -G1672A were specifically defective in
G-N-7, but not 2’-O, methylation. Recombinant rVSV-G1674A
was not defective in either G-N-7 or 2'-O methylation but was
sensitive to SAM concentration or S-adenosyl homocysteine
(SAH) inhibition (29). Recombinant rVSV-D1735A was equally
defective in both G-N-7 and 2'-O methylation (29). The fact that
only one MTase catalytic site and one SAM binding site exist in the
CR VI of the L protein of aMPV suggests that the general mecha-
nism of mRNA cap methylation found in VSV may be conserved
in aMPV. The equivalent amino acid residues G1670, G1674A,
G1675A, and D1735A in VSV are G1696, G1700, N1701, and
D1755 in hMPV, respectively (Fig. 1). In this study, we found that
all raMPV mutants (G1696A, G1700A, N1701A, and D1755A)
were defective in 2’-O, but not G-N-7, methylation, suggesting
that G-N-7 methylation occurs prior to 2'-O methylation in
aMPV. These results suggest that the order of mRNA cap methyl-
ation in paramyxoviruses may be different from that in VSV. This
hypothesis was supported by a recent report showing that G-N-7
methylation of RSV occurs prior to 2’'-O methylation (59). If a
single SAM binding site is shared by both methylases, we expect
that some mutations at this site would affect both G-N-7 and
2'-0, similar to what we observed in the VSV system. The ques-
tion remains why G1696A, G1700A, N1701A, and D1755A af-
fected only 2'-O and not G-N-7 methylation. Perhaps other
amino acid residues with the G-rich motif may be required for
G-N-7 methylation. For example, the role of amino acid residue
G1698 and of amino acid residues (E1697 and A1699) flanking the
G-rich motif in mRNA cap methylation is not known. In fact, our
efforts to recover recombinant aMPVs carrying these amino acid
changes were not successful. It is worth emphasizing that muta-
tions to amino acid residues (D1671 and S1673) flanking the G-
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rich motifin VSV L protein abolished both G-N-7 and 2"-O meth-
ylation (29, 60).

In summary, we showed that raMPVs defective in 2'-O meth-

ylation were sufficiently attenuated while retaining high immuno-
genicity in turkeys, the natural hosts of aMPV. Thus, 2’-O M Tase-
defective viruses are promising vaccine candidates for aMPV. This
novel attenuation approach can potentially be used for other avian
and human paramyxoviruses for vaccine purposes.
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